In 1949, 126 coalminers, chosen to cover the whole radiological range of coalworkers' pneumoconiosis, were subjected to a battery of physiological tests of lung function, clinical investigations, and anthropometry. During the ensuing 12 years 40 of these men died. An analysis of the original measurements was carried out in an attempt to identify the particular features of the disturbance of lung function associated with pneumoconiosis which were most related to the rate of dying.
data produced, as was hoped, factors identifiable in terms of the known functions of the lung: its mechanical properties as a pump; its ability to distribute inspired gas evenly throughout its volume; and its ability to bring gas and blood into close juxtaposition so that diffusion from the one to the other is possible. In addition, of course, the size of the lung appeared as a major source of variation from one man to another. It was concluded that the major disturbance of lung function associated with radiological evidence of pneumoconiosis was in its mechanical properties (Gilson, Hugh-Jones, Oldham, and Meade, 1955) .
A further battery of physiological tests was applied to the survivors of the original sample 11 years later, and the interrelations of the two sets of data will, it is hoped, enlarge our understanding of pneumoconiosis and the nature of its progress, with and without continued exposure to dust. Forty of those from the original sample who had had exposure to industrial dust (all in the coalmining industry) died during the 12 years from 1949 to 1961, at the (Fletcher, 1955) . Their independent readings were converted to a single measurement by a weighted averaging, after transformation by a method, due to M. E. Wise, based on the postulate of a smooth distribution of abnormality on the continuum underlying the crude classification into stages. The radiological category of progressive massive fibrosis was not used; instead the areas of the radiograph showing massive shadows were traced on to tissue paper, cut out, and weighed, the weight being used in the analysis.
The mode of analysis was a quite conventional application of discriminant functions, the canonical variates of Rao (1952) , in a manner closely similar to that used by Ashton, Healy, and Lipton (1957 The six combinations can be chosen in a number of ways; the method adopted was to find the first by requiring it to maximize the variance between the seven group means as a fraction of the total variance of the 126 men. The second was then chosen to be uncorrelated with the first and maximizing the variance remaining after that accounted for by the first was removed, and so on. Geometrically, the seven group means are represented as points in 18-dimensional space. The line is found which traverses these points in the direction in which they are most extended. A second line is found in a plane at right angles to the first, in the direction of greatest extension of the cluster in this plane, and so on.
Mathematically, the procedure is to partition the variance-covariance matrix of the 18 tests into Between and Within components corresponding to the variation of the means of the seven groups and to the variation about the means within each group. This last should not vary materially between the groups; it is difficult to investigate this fully, but past experience has suggested that a reasonable similarity of the scatter of such tests and their intercorrelations might reasonably be expected over a fair range of mean levels. The extent to which the results would be affected if this assumption were untenable was explored empirically by repeating the whole analysis after transforming the data logarithmically.
If then B is the Between-group variance-covariance matrix, and W the Within, the six solutions x of the matrix equation (B -AW)x = 0 are linear functions of the test measurements having the properties given above. Each is uncorrelated with the others, among subjects in the same group, and has A times as much variance between groups as within them. The solution with the largest A is evidently of particular interest, since this is the best single linear function of the measurements for discriminating between the groups.
Certain specific comparisons between the seven group means may have greater practical interest than the overall comparison itself. In particular, one is interested in that linear function which best distinguishes betWeen the subjects who died and those who survived, and in that which best distinguishes those who died early from those who died late. Separate solutions were therefore found for the equations corresponding to these comparisons, the first giving the linear function of the measurements which best discriminated between the living and the dead, the second and third giving those linear functions of the measurements of those dying which had the best relationship to time of death. Time of death was taken first on a linear scale and then on a logarithmic scale (in which the time of survival was contracted to allow for the likelihood that discrimination would be less for those dying later).
As is convenient, the equation
where L is a lower triangular matrix such that LL' = W, and y = L'x. The solutions of each equation, and all preliminary and subsequent calculations, were obtained from the Stantec Zebra computer at the Welsh College of Advanced Technology. The necessary programmes were written by the authors. Table 3 gives the linear functions obtained from the complete between-groups analysis. The first canonical variate, for example, is 13 3 x amount of simple pneumoconiosis + 59 1 x area of P.M.F. + .... Tests with positive coefficients increase the value of the variate as they increase. Tests with negative coefficients decrease it. The coefficients of each discriminant have been standardized by expressing the corresponding variables in units of their within-groups standard deviations, so the relative magnitudes of the coefficients are directly comparable. The absolute magnitudes are arbitrary. The fraction of the total variation absorbed by each function is also given, and also the results of applying the approximate X2-test suggested by Bartlett (1947) . It will be seen that the first canonical variate is overwhelmingly the largest, absorbing 75 % of the total variation. The second might be adjudged significant also, although the total variation of all the variates after the first could well be only random. Figure 1 shows the means of the seven groups plotted on a diagram whose axes are the values of the first and second canonical variates. Their arrangement is The tests with the largest coefficients in both the first and second canonical variates are numbers 13 and 2, the size of the residual volume and the amount of massive fibrosis in the chest radiograph. The latter is well established as being of great significance in terms of prognosis (Cochrane, Moore, and Thomas, 1961) , but the former has not previously been recognized as of outstanding importance. The third and fourth tests in order of magnitude in the first canonical variate are numbers 16 and 12, the sedimentation rate, of which high values are characteristic of the presence of active destruction of tissue by a disease process, and the functional residual capacity, which appears here with negative sign, so that small values are associated with an unfavourable prognosis. It should be remembered that in practice changes of one index may always be accompanied by changes in another; for example, the residual volume may tend to increase with the F.R.C. These four tests are probably the only important ingredients of the first canonical variate, since between them they account for 80 % of the variation absorbed by it.
Results
It appears from Fig. 1 that the separation of groups achieved by the second canonical variate is not of an easily interpretable form. While group D1, group D2, and groups D3, D4, D5, and D6 are 3 separated, the living subjects appear midway between those dying early and those dying late. The main difference between this variate and the first is that the sedimentation rate appears with opposite sign, and the ventilation required for standard exercise, test 10, replaces the functional residual capacity in the first four tests in order of importance. It also has a sign which is opposite in significance to those of tests 2 and 13, since the larger the exercise ventilation the less efficient the lungs must be. Inspection of the means of the seven groups reveals that whereas for most tests there is a smooth trend from the group dying earliest to the group surviving, in those tests which reflect size of lung, or are influenced by it, there is an interruption of the trend between groups D3 and D4. volume. This clearly may be an accident of sampling, but it would also be explicable if a large lung volume were a sign either of normality or of the presence of emphysema. Variate 2 may indicate that the groups are to a certain extent distinguishable, that is that risk of dying or survival times are distinguishable, on a basis of size of lung.
We now consider canonical variates derived by isolating single degrees of freedom from the complete between-groups comparisons; first, the contrast between the surviving subjects and those who died, irrespective of the date of death. From Fig. 1 we might expect the canonical variate best separating these groups to run in a slightly upward direction from the left of this Figure to the right, and so perhaps to be a compound of variates (1) and (2) of the between-groups comparison. Table 4 shows the function actually found; it is clear that it is in fact very similar to variate (1), but it agrees most closely with an axis making 8-7 degrees with variate (1), 813 degrees with variate (2).
Complementary to this contrast is the discrimination, among those who died, between different times of dying. The middle two columns of Table 4 give the first two canonical variates of the between-dead comparison, and the means of the six groups of .1-1 2LJ'. subjects who died are plotted in Fig. 3 , according to the values of these variates. The second canonical variate is of doubtful significance, but the first separates group D1 from group D2 and from groups D3, D4, D5, and D6 in much the same way as the first canonical variate in Figure 1 . The tests with the largest coefficients are however different. The amount of massive fibrosis and the size of the residual volume appear to be of little importance in distinguishing the time of death; a high blood sedimentation rate and a low systolic blood pressure are now, from the first canonical variate, most prognostic of earlier death, while of the physiological indices the index of gas mixing IR is first. The sign of its coefficient is, however, the reverse of what might be expected, and from inspection of the means of the six groups it appears that its contribution to the value of the first variate is negligible. The last two columns of Table 4 give the variates obtained by expressing the differences between the six time-of-death groups as resulting from, first, regression on time of death on a linear scale and, second, regression on time of death measured on a logarithmic scale. In the latter the intervals between the time of death of the groups dying later are counted as smaller than those between the earlier times of death. It is evident that both these variates closely resemble the first variate of the between-dead comparison, which therefore itself has isolated the time of death as a major distinguishing feature of the six groups. The logarithmic time-scale gives slightly better results than the linear.
Logarithmic Analysis.-The analysis was repeated using the logarithms of the values of the indices in Table 2 to assess the stability of the canonical variates. Unity was added to the values for indices 2 and 18 before the logarithms were taken, and instead of change of M.V.V., change of the logarithm of M.V.V. was taken for index 9. For all the other indices, logarithms of the values observed were analysed.
Five of the canonical variates obtained in this parallel analysis are shown in Table 5 . There are marked similarities between these and the canonical variates in Tables 2 and 3 , and the approximate x2 values (Bartlett, 1947) are practically the same.
The tests with the largest coefficients in the first canonical variate between the seven groups are tests 2, 13, 17, and 16, compared with 13, 2, 16, and 12 in the first analysis, the functional residual capacity being replaced in the canonical variate by the systolic *For the identity of the tests see Table 2 .
blood pressure, low values of which are here associated with earlier death. The main difference between these five canonical variates and those from the original analysis is that the functional residual capacity does not appear to be of importance in the logarithmic analysis, whereas the maximum voluntary ventilation becomes more important. The means for the seven groups of subjects, for the first two between-groups canonical variates in the logarithmic analysis, are plotted in Fig. 4 , corresponding to Fig. 1 for the first analysis. The only change appears to be a shift in the position of D2 towards the later dying groups. Similarly, the means for the six groups of subjects who died, for the first two between-deads canonical variates, are shown in The logarithmic analysis has shown that the canonical variates are reasonably stable and that the discrimination between groups is virtually unchanged. The main objective of this study has, on the whole, been satisfactorily achieved. It is noteworthy that age contributes little to the canonical variates we have found. One explanation of this is that chronological age is simply a crude index of physiological changes that naturally occur with the passage of time, and that if in an individual they have not occurred, he is not more likely to die simply because he has lived for a long time. In other words, the relevant changes in his condition are to be found in the indices of his physiological state. The original selection of subjects for this study was on a basis of age and x-ray category, so that at each age all x-ray categories were equally represented; each x-ray category contained men of all ages. Reclassification of the radiographs has to a slight extent impaired this balance; the correlation between age and the new x-ray score is -0-12, whereas it originally was +0 07. The correlation is still sufficiently small for it to be easily possible for any effect of age additional to its effects on function to reveal itself by age appearing as an important ingredient of the canonical variates. That this has not occurred suggests that no such effect exists.
In one respect the present results are disappointing, in that the more specific physiological measurements appear to play less important roles in discriminating between the groups of subjects than do some less specific measures of sickness and disability. An obvious next step will be to repeat this form of analysis using only the more specific among the tests.
The material analysed in this study was obtained from co-operative work by many present and past members of the Pneumoconiosis Research Unit. We are indebted to all of them for making it available to us, and particularly to Dr. J. E. Cotes, who assembled it into an orderly and accessible form. Our colleagues are in no way to be held accountable, however, for the opinions we have expressed.
